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Fig. 6A X"; 
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ACHIEVING TIGHT BINDING FOR 
DYNAMICALLY LOADED SOFTWARE 

MODULES VIA INTERMODULE COPYING 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention is generally related to computers and 
computer software. More speci?cally, the invention is gen 
erally related to improving the execution of softWare com 
piled as a plurality of softWare modules. 

2. Background of the Related Art 
The most ef?cient code for a computer program can be 

generated When all components, including referenced 
subroutines, are knoWn and are included in the softWare 
compilation process. This alloWs the compiler for the com 
puter program to perform several optimiZations that are 
Well-knoWn to the compiler arts, including but not limited 
to: (a) using the tightest possible call protocol betWeen 
“caller” and “callee” softWare modules; (b) inlining of the 
callee softWare module into the caller softWare module; and 
(c) global analysis. The caller softWare module is a module 
or procedure that calls or invokes another softWare module, 
subroutine or object. The callee softWare module is the 
softWare module, subroutine or object called or invoked. 

Using the tightest possible call protocol betWeen “caller” 
and “callee” softWare modules comprises using a direct vs 
indirect call if the relative address of the callee softWare 
module is knoWn (since it is a part of the same compilation 
unit). Other optimiZations such as coordinated register 
assignment are also possible. 

Inlining of the callee softWare module into the caller 
softWare module comprises a step beyond tight binding, 
Where the code of the callee softWare module is actually 
copied into the instruction stream of the caller softWare 
module. This alloWs the code of the callee to be customiZed 
for the particular case at hand, by, for example, propagating 
literal parameter values into the body of the callee. 

Global analysis comprises the analysis of the data How 
beyond the boundaries of a single subroutine, thereby 
enabling such things as eliminating stores to unreferenced 
data ?elds, optimiZing into registers data that is only refer 
enced in a localiZed fashion, and the like. 

Even When all the referenced subroutines and other such 
components of a softWare program to be compiled are not 
knoWn at compile time, most of the optimiZations that are 
possible With “complete knoWledge” are still possible to a 
lesser extent With “incomplete knoWledge.” Thus, there is 
still an advantage to including in the compilation process 
those subroutines and other components that can be identi 
?ed and included. 

Unfortunately, in the “incomplete knoWledge” case, there 
are several additional problems that can arise. For example, 
When the runtime environment of the program to be com 
piled Will consist of several separately compiled pieces or 
modules, it may be discovered that the same subroutine (or 
other softWare component) Was included in more than one 
separately compiled piece or module. This Would not be a 
problem for purely procedural subroutines, but When the 
subroutines have static storage of one form or another 
(including the static data structures associated With C++ or 
JAVA® programming language classes) then errors Will 
result unless a single static storage image is somehoW shared 
betWeen all copies. 
When referenced subroutines or other components are 

included in a compilation unit, it may be discovered at 
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2 
execution time that different versions of those subroutines or 
components Were in different compilation units that com 
prise the runtime environment of the program. If this is the 
case, even if a single static storage image is shared betWeen 
copies errors may result since the expected static storage 
layout may not be identical betWeen all copies. 
Even When separately compiled copies of the same sub 

routine or other component are compatible and When the 
problem of addressing a common static storage vieW is 
addressed, there may be other static data associated With a 
subroutine or component that is compiler-generated and 
hence Which cannot be validly shared betWeen copies. 
Separate copies of such data must be maintained. 

It also should be noted that even When all referenced 
subroutines and other components are knoWn and accessible 
at compile time, there may be practical reasons Why they 
cannot all be processed Within a single compilation opera 
tion. For instance, there may be limits to the siZe of a 
compiled object that can be created, requiring that the 
complete computer program be broken into several separate 
compiled objects. 

Binding by copying to avoid references betWeen separate 
compilation or load units has been done in several contexts, 
such as in “overlayed” applications to avoid overlay “thrash 
ing.” Binding is also performed done to some degree in 
current dynamic link library (DLL) based implementations 
as Well, in order to permit the advantages of tight binding. 
HoWever, these designs either require that the copied sub 
routines be purely functional or require that static storage be 
manually controlled so that it Will be accessible and equiva 
lently vieWed from all versions of a given subroutine. 

SUMMARY OF THE INVENTION 

This invention addresses these and other problems asso 
ciated With the prior art by providing a computer system, a 
computer product, a method and a frameWork in Which static 
storage Within an environment comprising a plurality of 
compilation modules is managed such that compiled cloned 
copies of called externally resolved (With respect to a 
compilation unit) items are preferentially executed in favor 
of the corresponding externally resolved item based on a 
favorable comparison of version information prior to execu 
tion. The cloned copies are compiled in a manner providing 
internal resolution (With respect to the compilation unit) by, 
for example, in-line coding. In one embodiment, JAVA® 
programming language methods are processed Within the 
context of a modi?ed frameWork. 

Speci?cally, according to an embodiment of the 
invention, a method for compiling, in one of a plurality of 
compilation units, a subroutine having associated With it 
calls to items having addresses resolved external to the one 
compilation unit, the method comprising the steps of: copy 
ing each of the external resolution items into the one 
compilation unit to form respective internal resolution items, 
and compiling the subroutine using the external resolution 
items and the respective internal resolution items, each of 
the items having associated With it a respective version 
indicium for identifying inter-compilation unit version con 
?icts during execution of the compiled subroutine, Wherein 
corresponding compiled external resolution items are 
executed in the case of inter-compilation version con?icts. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The teachings of the present invention can b readily 
understood by considering the folloWing detailed descrip 
tion in conjunction With the accompanying draWing in 
Which: 
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FIG. 1 is a block diagram of a computer system consistent 
With the invention; 

FIG. 2 is a block diagram of an exemplary software 
environment for the computer system of FIG. 1; 

FIG. 3A depicts a code segment illustrating a direct call 
of a subroutine; 

FIG. 3B depicts a code segment illustrating an indirect 
call of a subroutine; 

FIG. 4 depicts a code segment 400 illustrating an Inlined 
access of a subroutine; 

FIG. 5 depicts a code segment illustrating an optimiZation 
enabled by the Inlining technique of FIG. 4; 

FIG. 6 depicts a code segment illustrating the use of 
multiple copies of statically stored objects; 

FIG. 7 depicts a code segment useful in understanding the 
present invention, and more particularly illustrates a prob 
lem that can occur With static storage it multiple copies of a 
class attempt to share the same static; 

FIG. 8A depicts a code segment and address space utili 
Zation useful in understanding the present invention; 

FIG. 8B depicts a reentrant static addressing scheme 
utiliZing the code segment of FIG. 8A: 

FIG. 9 depicts a data structure representing a JAVA® 
programming language class ?le; 

FIG. 10 depicts a data structure representing a loaded 
JAVA® programming language class; 

FIG. 11 depicts a data structure representing a compiled 
JAVA® programming language class; 

FIGS. 12 and 13 depict code segments useful in under 
standing the invention; 

FIG. 14 depicts a graphical representation useful in under 
standing the invention; 

FIG. 15 depicts a plurality of data structures illustrating 
constant pool entries and constant resolution ntries; 

FIGS. 16A and 16B (collectively referred to as FIG. 16) 
depict a How diagram of a constant resolution process; 

FIG. 17 depicts a graphical representation useful in under 
standing the invention; 

FIG. 18 depicts a How diagram of a process according to 
the invention; and 

FIG. 19 depicts a How diagram of a method for compiling 
an externally resolved subroutine according to an embodi 
ment of the invention. 

To facilitate understanding, identical reference numerals 
have been used, Where possible, to designate identical 
elements that are common to the ?gures. 

It is to be noted, that the appended draWings illustrate only 
typical embodiments of this invention and are therefore not 
to be considered limiting of its scope, for the invention may 
admit to other equally effective embodiments. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

These and other advantages and features, Which charac 
teriZe the invention, are set forth in the claims annexed 
hereto and forming a further part hereof. HoWever, for a 
better understanding of the invention, and of the advantages 
and objectives attained through its use, reference should be 
made to the DraWing, and to the accompanying descriptive 
matter, in Which there is described exemplary embodiments 
of the invention. 
HardWare Environment 

Turning to the DraWing, Wherein like numbers denote like 
parts throughout the several vieWs, a computer system 10 
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4 
consistent With the invention is illustrated in FIG. 1. Com 
puter system, 10 is illustrated as a netWorked computer 
system including one or more client computer systems 12, 
14 and 20 (e. g. desktop or personal computers, Workstations, 
etc.) coupled to server system 16 through a netWork 18. 
NetWork 18 may represent practically any type of netWorked 
interconnection, including but not limited to local-area, 
Wide-area, Wireless, and public netWorks (eg the Internet). 
Moreover, any number of computers and other devices may 
be netWorked through netWork 18, eg multiple servers. 
Furthermore, it should be appreciated that the principles of 
the invention may be utiliZed as Well by stand-alone com 
puters and associated devices consistent With the invention. 

Computer system 20, Which may be similar to computer 
systems 12, 14 may include one or more processors such as 
a microprocessor 21; a number of peripheral components 
such as a computer display 22 (e.g., a CRT, an LCD display 
or other display device); storage devices 23 such as hard, 
?oppy, and/or CD-ROM disk drives; a printer 24; and 
various input devices (e.g., a mouse 26 and keyboard 27), 
among others. Computer system 20 operates under the 
control of an operative system, and executes various com 
puter softWare applications, programs, objects, modules, etc. 
Moreover, various applications, programs, objects, modules, 
etc. may also execute on one or more processors in server 16 
or other computer systems 12, 14, e.g., in a distributed 
computing environment. 

In general, the routines executed to implement the illus 
trated embodiments of the invention, Whether implemented 
as part of an operating system or a speci?c application, 
program, object, module or sequence of instructions Will be 
referred to herein as “computer programs”. The computer 
program typically comprise instructions Which, When read 
and executed by one or more processors in the devices or 
systems in netWorked computer system 10, cause those 
devices or systems to perform the steps necessary to execute 
steps or elements embodying the various aspects of the 
invention. Moreover, While the invention has and hereinafter 
Will be described in the context of fully functioning com 
puter systems, those skilled in the art Will appreciate that the 
various embodiments of the invention are capable of being 
distributed as a program product in a variety of forms, and 
that the invention applies equally regardless of the particular 
type of signal bearing media used to actually carry out the 
distribution. Examples of signal bearing media include but 
are not limited to recordable type media such as volatile and 
non-volatile memory devices, ?oppy disks, hard disk drives, 
CD-ROM’s, and DVD’s, among others and transmission 
type media such as digital and analog communications links. 

Those skilled in the art Will recogniZe that the exemplary 
environment illustrated in FIG. 1 is not intended to limit the 
present invention. Indeed, those skilled in the art Will 
recogniZe that other alternative hardWare environments may 
be used Without departing from the scope of the invention. 
SoftWare Environment 

FIG. 2 illustrates one suitable softWare environment for 
computer system 20 consistent With the invention. A pro 
cessor 21 is illustrated as coupled to a memory 28 as Well as 
to several inputs and outputs. For example, user input is 
received by processor 21, e.g., by mouse 26 and keyboard 
27, among others. Additional information may be passed 
betWeen computer system 20 and other computer systems in 
netWorked computer system 10 via netWork 18. Additional 
information may be stored to and/or received from mass 
storage 23. Processor 21 also outputs display data to display 
22. It should be appreciated that computer system 20 
includes suitable interfaces betWeen processor 21 and each 
of components 18, 22, 23, 26, 27 and 28 as is Well knoWn 
in the art. 
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An operating system 30 is illustrated as resident in 
memory 28, and executing Within this operating system is 
illustrated an execution module 32 that is con?gured to 
execute program code on processor 21, e.g., executable 
program code 34, as Well as to retrieve program code such 
as program code ?le 50 from mass storage 23 and/or 
netWork 18, among other operations. Execution module 32 
may also, in the alternative, be implemented as a separate 
application that executes on top of an operating system. 
Furthermore, it should be appreciated that any of the execu 
tion module 32, executable program code 34, and program 
code ?le 50 may, at different times, be resident in Whole or 
in part in any of memory 28, mass storage 32, netWork 18, 
or Within registers and/or caches in processor 21. 

It Will be appreciated by those skilled in the art that other 
softWare environments may be utiliZed in the alternative. In 
fact, the invention is applicable to any programming lan 
guage Where explicit or implicit static storage is permitted or 
required, such that executing subroutines that may need to 
reference static storage are provided With a facility to obtain 
the address of static storage. 
Compilation of Program Code Providing Tight Binding of 
Inter-Module Static Storage 

FIG. 3A depicts a code segment illustrating a direct call 
of a subroutine. FIG. 3B depicts a code segment illustrating 
an indirect call of a subroutine. In the direct case of FIG. 3A, 
a call operation 310 (BranchAndLink) directly contains the 
address in memory 320 of the entry point of the call target. 
In the indirect case of FIG. 3B the call target address is 
loaded from some storage location and then the branch is 
made to the loaded address. 

The direct call may use an offset and a base register rather 
than encoding the entire target address in the machine 
instruction. This is still considered a direct call since the base 
register does not need to be (re)loaded for each call but 
instead can be loaded once and used to address a large group 
of subroutines. The indirect call instruction may also vary. In 
some cases the target address can be loaded into any general 
purpose register and the call instruction can then address that 
register. In other cases the target address must be loaded into 
a special-purpose register, With the register’s identity being 
implicit in the instruction. 

FIG. 4 depicts a code segment 400 illustrating an inlined 
access of a subroutine. In the non-inlined case, tWo param 
eters (x, y) are loaded into, respectively, registers R1 and R2, 
and a branch to the entry point of the target routine is 
performed. The tWo parameters are added and the result 
placed in R3, Which is then returned to the caller. In the 
inlined case, an add operation is copied directly into the 
instruction sequence of the calling routine, thereby elimi 
nating the call/return overhead. 

FIG. 5 depicts a code segment illustrating an optimiZation 
enabled by the inlining technique of FIG. 4. The code 
segment 500 of FIG. 5 is similar to the code segment 400 of 
FIG. 4, except that the tWo parameters of FIG. 5 are literals 
and, hence, their values are knoWn to the compiler. The 
compiler can determine that the result of the add Will be 11 
and directly load that value, instead of actually loading the 
parameter values and performing the add. Note that much 
more sophisticated optimiZations, such as elimination of 
conditional branches, loop unrolling, etc, are possible in 
slightly more complex cases, once the inlining has made it 
possible to propagate knoWn parameter values forWard. 

FIG. 6 depicts a code segment 600 illustrating the use of 
multiple copies of statically stored objects. Speci?cally, 
FIG. 6 illustrates a problem that can occur With static 
storage if a class is copied into multiple independent 
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6 
compilation units. Classes A and A‘ for A Would be 
“safe” and Would not produce different results than if A 
Were used. HoWever, bothA and A‘ have static variables 
X, and the getNext operation of both classes increments 
and returns this value. If only classAis used for all calls 
to getNext, the values returned Will be in monotonically 
increasing order (6, 7, 8 and so on). HoWever, if class 
A‘ is substituted for class A, then for some calls to 
getNext the order of the returned results Will not be as 
desired. That is, if calls are made sequentially to A, then 
A, then A‘, then A‘, the resulting values Will be 6, 7, 6, 
7. This problem is addressed by the invention. 

FIG. 7 depicts a code segment useful in understanding the 
present invention. Speci?cally, the code segment 700 of 
FIG. 7 illustrates a problem that can occur With static storage 
if multiple copies of a class attempt to share the same static. 
If there are tWo copies of the class A, compiled into separate 
compilation units, the order of analysis of the ?rst copy by 
the compiler may differ from the order of analysis of the 
second copy, With the results that their vieWs of static are 
different. For instance, in the ?rst case the constants that 
address methods B, SomeMethod and C, AnotherMethod 
are in one order, While in the second case they are in the 
opposite order. If one attempts to use a common copy of a 
static representation for both copies of the calls, one of the 
static representation copies Will reference the address con 
stants in the Wrong order and Will call the Wrong methods. 

FIG. 8A depicts a code segment and address space utili 
Zation useful in understanding the present invention. 
Speci?cally, a source code segment 810 When compiled 
produces code 820 utiliZing static storage 830 as shoWn. 
This is the traditional common address space scheme for 
addressing static storage. In this case the code and static 
storage contained in a single address space and can all be 
referenced With absolute addresses encoded in the instruc 
tions (or With relative offsets and base registers). No special 
processing is required in order to address static in this case. 

FIG. 8B depicts a reentrant static addressing scheme 
utiliZing the code segment of FIG. 8A. Speci?cally, FIG. 8B 
illustrates the traditional reentrant scheme for addressing 
static storage. In this case a register 850 is speci?cally 
loaded to address static storage, and all references 840 to 
static are indirect via that register 850. This alloWs there to 
be multiple copies of static, one for each process sharing the 
common code address space. Even though the code address 
space is shared, the various processes run Without interfering 
With each other, since each has its oWn private copy of static 
storage. 

In many environments the code and static data reside at 
knoWn offsets in a common address space, such that the 
absolute address of static storage can be determined and 
actually compiled into the machine instruction sequence. In 
other cases a common reentrant image of the machine 
instruction sequence may be shared by multiple execution 
environments, so the address of static storage must be 
supplied to each subroutine via a hidden parameter of some 
sort. Another similar approach is to pre-load a reserved CPU 
address register With the address of the static storage area for 
a compilation unit. 

Using the above techniques, or other techniques knoWn to 
those skilled in the art, the static storage area relevant to a 
given subroutine or addressable item can be identi?ed. 
The present invention functions by dividing categories (or 

subcategories of the categories) of static items storage into 
tWo super-categories: Those categories that are unique to an 
individual compiled instance of a subroutine, and those 
categories that are shareable betWeen individual compiled 



US 6,810,519 B1 
7 

instances, provided that they all re?ect the same source 
version. Note that there may be some items that may be 
placed into either super-category, as they are not malleable 
(and hence don’t need to be shares) but also do not contain 
information unique to the particular compiled instance of a 
subroutine. Such things as the name of the JAVA® Pro 
gramming language class Would fall into this group. 

Having divided the above categories into appropriate 
super-categories, the next step is to establish a scheme for 
ef?ciently addressing both super-categories of information. 
The preferred embodiment of the invention implements a 
static storage scheme that alloWs each instance of a subrou 
tine to have its oWn static storage, rather than a single copy 
shared across all instances of a given subroutines. Within 
that static storage, pointers to the information that falls into 
the shared super-category are maintained. 
When a compiler determines that a subroutine (e.g., a 

JAVA® programming language method or other procedure) 
should be copied into a compilation unit Where it Was not 
already de?ned, a “clone” copy of the permanent data 
structures for the containing class is also made. These data 
structures include primarily the main class structure, the 
tables of static and instance ?elds, the table of methods, and 
the constant pool. (The “virtual method table” does not need 
to be de?ned at this time so long as the rules for constructing 
it are knoWn. Also, the ?eld tables do not need to be unique 
per method instance and hence do not need to be copied so 
long as addressability to the originals can be maintained.) 
As the subroutine is compiled, the code generation pro 

cess may create ordinary static storage items (e.g., for literal 
storage) in the normal fashion. The code generation process 
may also add or modify entries in the constant pool table for 
items that need to be resolved at execution time and, as 
needed, add or modify entries in the set of constant resolu 
tion entries for the method being compiled. After a method 
is compiled, the information necessary to address the 
method is placed in the copied table of methods. 

If a reference to a method is found While compiling 
another method, and if the reference is of a sort that can be 
directly bound (e.g., via a branch directly to the target entry 
point vs. an indirect branch), and if the referenced method is 
one that has been copied into the current compilation unit as 
described above, the reference is compiled as a directly 
bound reference and a constant resolution entry is added to 
the list of such entries for the referencing method. An 
indicator in the added constant resolution entry identi?es it 
as corresponding to a copied (i.e., “clone”) method. 

FIG. 18 depicts a How diagram of a process according to 
the invention. Speci?cally, the process 1800 of FIG. 18 
comprises a high level representation of an embodiment of 
the invention. 

At step 1810, static storage information for each 
procedure, method, softWare module or object requiring 
static storage is characteriZed. 
At step 1820, the categoriZed static storage information is 

divided into (1) information unique to compiled instances of 
subroutines, or (2) information shared betWeen compiled 
instances of subroutines. That is, at step 1820, the catego 
riZed static storage information is broadly divided into 
shared and non-shared information. 

At step 1830, a static storage scheme is implemented that 
provides, for each subroutine, respective unique instance 
static storage including pointers to shared instance static 
storage information. 
At step 1840, the subroutines are compiled using one or 

more compilation units to provide executable code. It is 
noted that during the compilation process, shared catego 
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riZed information (as divided out during step 1820) is 
compiled once and pointers to the compiled and shared static 
storage information are provided to subsequent subroutines 
as they are being compiled. In this manner, duplicate com 
pilation of subroutines is avoided, While tight binding of 
static storage is achieved. 

FIG. 19 depicts a How diagram of a method for compiling 
an externally resolved subroutine according to an embodi 
ment of the invention. 
At step 1905 an address of a called subroutine is deter 

mined. That is, at step 1905 the compiler encounters code 
indicative of a call to a subroutine or other addressable item 
and determines Whether the address of the subroutine or 
other addressable item is resolved internally or externally to 
the instant compilation unit. 
At step 1910, a query is made as to Whether the deter 

mined address is resolved externally. If the query at step 
1910 is ansWered negatively (i.e., an internally resolved 
address), then the method 1900 proceeds to step 1920 Where 
the address of the called subroutine or other addressable 
item is resolved in the normal manner. In the case of an 
externally resolved address, the method 1900 proceeds to 
step 1925. 
At step 1925, a copy of the called external subroutine or 

other addressable item, along With a version indicium of the 
external subroutine or other addressable item is copied into 
the compilation unit. The version indicium comprises at 
least one of a timestamp, a cyclic redundancy check (CRC) 
and a version control identi?er. 
At step 1930, the address of the called external subroutine 

or other addressable item is de?ned as, for example, pointers 
to both the internal copy and actual external version. That is, 
at step 1930 the compiler de?nes the address of the copied 
subroutine (e. g., via in-lining of the subroutine) according to 
the standard optimiZations. The compiler also de?nes a 
pointer or offset to the external address used to call the 
subroutine or other addressable item. 
At step 1935, the subroutine being compiled (i.e., the 

calling subroutine or calling routine) is compiled to include 
a version check of the compiled internal copy of the called 
external subroutine or other addressable item. The version 
check is a step performed at link or execution in Which the 
copy of the externally addressed subroutine or other addres 
sable item is compared to the version of the actual external 
subroutine or other addressable item. 
At step 1940, the calling routine is compiled. That is, at 

step 1940, the compiler processes the calling routine in a 
manner providing an alternative execution path that enables 
execution of the externally resolved called subroutine or 
other addressable item. 
The above general embodiment of the invention depicts 

the scenario in Which the compiler determines Which addres 
sable items are to be externally resolved during execution 
and responsively copies the externally resolved items into 
the compilation unit, along With a version identi?er, such 
that a subsequent execution of the compiled routine Will, 
prior to executing the called item, check to determine if the 
copy of the called item is the appropriate version. In the 
event of the copied and compiled version of the called item 
not matching the version of the externally referenced called 
item, the externally referenced called item Will be executed 
instead. 
JAVA® Programming Language Implementation 
An embodiment of the invention as applied to the JAVA® 

programming language environment Will noW be described 
in more detail. In the case of a typical JAVA® programming 
language implementation, the information that resides in the 


















